Microstructures of Sn-doped sintered indium oxide were investigated by transmission electron microscopy. It was found that Sn-rich nanosized precipitates were formed inside the ITO grains, in addition to the secondary phases of In 4 Sn 3 O 12 formed at grain boundaries. By nanobeam electron diffraction analysis, the crystal structure of the nanosized precipitates was determined to be the fluorite structure, which is different from the bixbyite structure of the ITO matrix. The structural change in the Sn-rich nanosized precipitates can be explained by the insertion of O 2À ions in the vacancy sites of the bixbyite structure during the substitution of In 3þ sites by Sn 4þ .
Introduction
Sn-doped indium oxide (ITO) is widely used for transparent electroconductive materials, 1, 2) and its thin film form is an essential component for current liquid crystal display applications. In industry, sputtering with the sintering target has been a common method for ITO thin film manufacturing. To obtain high electroconductivity of the thin films, the composition of SnO 2 in the target is normally set to be around 10 mass%.
3) It is known that the solubility of SnO 2 into In 2 O 3 crystals is less than 7 mass% at 1500 C, 4) and thus the 10 mass% content is beyond the solubility limit. In sputtered ITO thin films, however, Sn atoms can dissolve into In 2 O 3 beyond the solubility limit and form a supersaturated solid solution. On the other hand, in the sintered body, the Sn atoms are likely to precipitate and form Sn-rich phase in the junctions of In 2 O 3 grains. As a result, the microstructure of the sintered body is not uniform, in contrast to thin films with the same composition. This microstructural inhomogeneity in the target sometimes affects the quality of sputtering performance, and hence degrades the quality of the resultant thin films. Thus, it is important to understand and control the microstructures of the sintering targets, in order to obtain better ITO thin films. However, few studies have been performed on the microstructure evolution of the bulk ITO sintered bodies.
In this paper, we perform a detailed structure analysis of ITO sintered body using transmission electron microscopy (TEM). We find that, in addition to the previously determined Sn-rich grain boundary phases, Sn-rich nanosized coherent precipitates are formed inside the In 2 O 3 grains.
Experimental
Commercially available In 2 O 3 (90 mass%) and SnO 2 (10 mass%) powders were mixed, molded by CIP, and calcined at 1600 C for five hours in air to obtain sintered body. The cooling rate of the sample was selected to be 75 C/h. The sintered body was characterized by X-ray Diffraction (XRD), Electron Probe Microanalysis (EPMA), and Transmission Electron Microscopy (TEM). The samples for EPMA (EPMA-1610 (Shimadzu Corp.)) were prepared by mechanical polishing of the sintered body. The same sample was also used for the XRD measurement (RAD-X(Rigaku)).
The TEM samples were prepared by standard procedures using the ion thinning method. TEM observations were performed with the JEM-2010HC (conventional: JEOL Corp.), JEM-4010 (high-resolution: JEOL Corp.) and EM-002BF (nano-beam electron diffraction: TOPCON) with Voyager (EDS qualitative analyses: Noran) microscopes. Figure 1 shows an XRD pattern of the ITO sintered body. XRD patterns calculated from the structures of In 2 O 3 and Figure 2 shows the back scattered scanning electron microscopy (SEM) image and the corresponding Sn elemental map obtained by EPMA. It is seen that the microstructure is basically composed of two phases, matrix grains and grain boundary precipitates, with different contrast. According to the Sn map, the grain boundary phase is confirmed to be Snrich. Comparing with the XRD results, the matrix grains correspond to the In 2 O 3 phase, and the grain boundary phases to the In 4 Sn 3 O 12 phase. It is interesting to point out that Sn content in the In 2 O 3 grains is not uniform. It is likely that nano-scale Sn-rich precipitates are formed inside the In 2 O 3 grains. These results suggest that the In 2 O 3 grains are oversaturated by Sn even after the precipitation of Sn-rich In 4 Sn 3 O 12 phase at the grain boundaries. Figure 3 shows a typical TEM image of the ITO sintered body. The center of the image shows the In 2 O 3 grain. It is seen that the grain boundary phases are formed as indicated by 'P' in the figure. It is also observed that, inside the In 2 O 3 grains, fine nano-sized precipitates are formed. The size of the precipitates is larger in the center of the grain than in the surroundings of the grain. Figure 4 shows typical X-ray spectra from the matrix grain and the nano-sized precipitates obtained by TEM-EDS. A focused electron beam of less than a few nanometers in diameter was used for the present analysis. Although the In and Sn peaks are overlapped in this energy range, it is clear from the change in relative intensity that the nano-sized precipitates are Sn-rich compared with the matrix. This is consistent with the EPMA results. Figure 5 shows nanobeam ED patterns from the matrix and precipitates. The convergence angle of electron beam was 2.1 mrad. Some diffraction disk indices are shown in the figure, and the subscript 'f' means the fluorite structure while the subscript Figure 6 shows a high-resolution (HR) TEM image of a nano-sized precipitate. The image was observed from the [111] direction of the matrix bixbyite structure. The ellipsoidal contrast at the center of the image corresponds to the nano-sized precipitate. In this micrograph, we can observe both lattice fringes from the precipitate and matrix. The lattices between the precipitate and matrix are seen to be continuous across the boundary. We have performed similar HRTEM observation from the [100] and [110] directions and also found that the lattices are continuous across the boundaries. Thus, it can be concluded that the nano-sized precipitates are coherent precipitates formed in the In 2 O 3 matrix. However, the lattice images are quite different in the precipitate and the matrix, reflecting the difference in their atomic structures. In the matrix, a complex structural unit with hexagonal symmetry was observed, corresponding to the matrix bixbyite structure viewed from the [111] direction. In the nano-sized precipitates, such complex structure was not observed, but simple hexagonal patterns were imaged. Figure 7 shows the comparison between HRTEM images and image simulations from the matrix and the precipitate. For the simulation, the matrix crystal structure is assumed to be the bixbyite structure and that of nano-sized precipitates is assumed to be the fluorite structure. It is clearly seen that the experimental HRTEM images and simulated images are in good agreement under the same imaging condition. The sample thickness of 18.5 nm used for the simulation should be valid because this is in the same order as the precipitate size. Thus, the HRTEM images also suggest that the nano-sized precipitate should have a fluorite structure.
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Microstructure evolution during sintering in ITO
According to the phase diagram reported previously, 7) Sn solid solubility in In 2 O 3 increases with increasing temperature. Because the solubility limit at 1600 C is much larger than that in lower temperatures, Sn 4þ solute ions in In 2 O 3 will exceed the solubility limit during cooling and start to precipitate and form secondary phases. It is thus expected that the excess Sn 4þ ions diffuse into grain boundary to form secondary phases or precipitate within the grains. The 
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Simulation Matrix Precipitate Fig. 7 Comparison between experiment and simulated HRTEM images from the matrix and nano-sized precipitate. The image simulation was performed for a defocus value of À41 nm and a film thickness of 18.5 nm.
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difference between the two precipitation modes should be related to the diffusivity of Sn 4þ ions in the In 2 O 3 -SnO 2 solid solution. Sn 4þ solute ions near the grain boundary may diffuse into the grain boundary during cooling, and then fast grain boundary diffusion enhances the formation of large grain boundary precipitates. Therefore, the precipitation free zone is formed near grain boundaries as clearly seen in the Fig. 3 . On the other hand, Sn 4þ solute ions far from the grain boundaries cannot diffuse into the grain boundaries under the present cooling rate, and thus form Sn-rich precipitates within the matrix grains. The present microstructures should be thus related to the Sn 4þ ion diffusion behavior during the sintering and the subsequent cooling processes.
4.2
The formation of nano-sized Sn-rich precipitates with fluorite structure ED and HRTEM studies suggest that the nano-sized Snrich precipitates formed in the In 2 O 3 grains are coherent precipitates with fluorite structure. The structure of the coherent precipitates is different from that of the grain boundary precipitates (In 4 Sn 3 O 12 ) and this structure has not been reported in ITO so far. It is thus important to consider the validity of the formation of Sn-rich fluorite structure within the In 2 O 3 matrix. As schematically shown in Fig. 8(a) , the crystal structure of the In 2 O 3 matrix is the bixbyite structure. This structure can be considered as a derivative of the simple fluorite structure as shown Fig. 8(b) , which has the following characteristics compared with the fluorite structure: (1) one quarter of the O 2À sublattice is vacant, (2) the positioning of the O vacancies is ordered, and (3) the lattice constant is twice the size of the fluorite structure. However, the basic cation and anion sublattices are the same in the two structures.
In a previous report, the lattice constant determined by XRD 4) 2À is inserted to the O vacancy sites during the random Sn 4þ substitution, the ordered array of O vacancy sites of bixbyite structure may be disrupted or even become more randomly arranged. We mentioned that the bixbyite structure is a derivative of the fluorite structure, but the O vacancies are present and well ordered. The O 2À insertion to the ordered O vacancy sites may gradually diminish the structure characteristics of the bixbyite, and change the structure into the fluorite-like one. This idea is consistent with the present observations that the increase in Sn 4þ content changes the bixbyite matrix structure into the fluorite one in the coherent precipitates. Similar structural changes were also reported in the case of -Zr 4 Sn 3 O 12 . 9) This structure is the same as the In 4 Sn 3 O 12 structure, but transforms into bixbyite structure or fluorite structure by the 300 keV Kr 2þ ion beam implantation. The arrangement of O vacancies can be changed by the ion beam implantation, and the resulting structural change should occur. In our case, O vacancy ordering should be disrupted by the insertion of O 2À during the enrichment of Sn 4þ , and the coherent Sn-rich precipitates with fluorite structure can be formed within the In 2 O 3 bixbyite matrix.
In the HRTEM image, there is no indication of misfit dislocations along the precipitate/matrix interfaces. This result suggests that the lattice constant of the precipitate and matrix is almost the same, and the strain may not so severe at the interface. This coherent interface structure may be related to the presence of the Sn-rich precipitates with fluorite structure within the In 2 O 3 matrix.
Conclusions
The microstructures of the sintered ITO were studied. It was found that the sintered ITO microstructures were composed of In 2 O 3 :Sn grains and In 4 Sn 3 O 12 grain boundary precipitates. An excessive amount of Sn 4þ ions remained in the matrix, aggregating during cooling process, and fine nanosized precipitates were generated in the In 2 O 3 :Sn grain. These Sn-rich nanosized precipitates were found to have a fluorite structure. The fluorite structure can be obtained by the insertion of charge compensating O 2À into the vacancy sites of bixbyite structure.
